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Abstract. Modelsin which gravity and/orStandardModel gaugebosonspropagatein morethan
threespatialdimensionshave implicationsthatcanbetestedat currentcolliders.In this paper, we
reporton theresultsfrom searchesfor extra dimensionsat thetwo Tevatronexperiments,CDF and
DØ, whichutilize up to 200pb

� 1 of pp̄ collisiondatafrom RunII takenat
�

s = 1.96TeV between
spring2002andfall 2003.

INTRODUCTION

ThehierarchyproblembetweenthePlanckscale(MPl) andtheelectroweakscale(MEW)
(1016) hasmotivatedanumberof extensionsto theStandardModel (SM) [1]. Modelsin
which particlescanpropagatein additionalspatialdimensionshave beenproposed[2].
In themodelproposedby Arkani-Hamed,DimopoulosandDvali (ADD) [3], SM par-
ticles areconfinedon to a spatial3-D membraneandgravity is allowed to propagate
in then extra dimensions(ED). In the(4+n)-D world which correspondsto the funda-
mentalPlanckscale,MS (sometimescalledasthe string scale),gravity is asstrongas
othergaugeforces,however, it is weak in the Planckscale(MPl � 1019 TeV) in 4-D.
The relationbetweenthe two Planckscalesis governedthroughthe sizeof the extra
dimension,R (M2

Pl � RnMn � 2
S ). Largeextradimensions(LED) is satisfiedby theADD

model.AssumingMS is neartheTeV range,R becomesaslargeas � 1018 km, which is
alreadyruledout by theclassicaldescriptionof gravitational force.TheLED arecom-
pactifiedandthegravitationalfield in the(4+n)-D spacecanberepresentedin seriesof
Kaluza-Klein(KK) towers.

RandallandSundrum(RS)proposea non-factorizablegeometryin 5-D spaceto ad-
dressesthehierarchyproblem.Theextra dimensionis warpedby anexponentialfactor,
exp ��� 2krcφ � , wherek is thecurvaturescaleandrc is thesizeof the5th dimension[4]
and the model predictsgraviton resonances.The propertiesof the RS Kaluza-Klein
statesareusuallyexpressedin termsof adimensionlesscouplingparameter, c � k/MPl ,
the relative strengthof k to the effective Planckscale.A third model,TeV	 1 ED, is
proposedto achieve gaugecoupling unification at a scalemuch lower than the GUT
scale[5, 6]. In this model,matterresideson a p-brane(p 
 3), with chiral fermions
confinedto theordinary3-D world andSM gaugebosonsalsopropagatingin theextra
dimensions,all of which areinternalto thep-brane.TheSM gaugebosonsthatpropa-



TABLE 1. Summaryof Tevatronsearchesdiscussedin the
paper.

Signature Model

Graviton emission jets+ E� T ADD

Graviton exchange dilepton,diphoton ADD, RS

Gaugebosonexchange dielectron TeV
� 1 ED

gatein theED areequivalentto n KK towerswith massesMn �� M2
0 � n2 � R2

C, whereR

is thesizeof thecompactdimensionof thecompactificationscale,MC, andR � M 	 1
C .

The existenceof extra dimensionscan manifestitself in pp̄ collisions throughex-
changesof KK towersof gravitonsyieldingdifermionor dibosonfinal statesor through
productionof real gravitons alongwith a recoiledphotonor jet yielding a high unbal-
ancedtransverseenergy (E� T) due to the missinggraviton. The CDF [7] and DØ [8]
experimentsof Tevatron Run II [9] have searchedfor ED modelsusing up to about
200 pb	 1 of pp̄ collisions at � s = 1.96 TeV collectedbetweenspring 2002 and fall
2003.Table 1 outlinesthe signaturesand the modelsprobedat the Tevatron for the
above-mentioneddata-takingperiod.

GRAVITON EXCHANGE SEARCHES

ADD Virtual Graviton Exchange

In the ADD model, the separationbetweenthe KK towersof the graviton is small
due to the large size of the extra dimensions.The SM diphotonproductionand the
Drell-Yan pair productionof leptonsaremodified in the existenceof a KK exchange
throughthe interferencetermsresultingin a continuummassspectrum(Figure1). The
effect of KK exchangeis expressedthroughan“effective" crosssectionparameterized
by a singlevariable,ηG ��� � M4

S, where � is a dimensionlessparameterthat reflects
thedependenceon thenumberof extra dimensions.Theeffectivecrosssectionis linear
in ηG for theinterferencetermandquadraticin ηG for thepuregraviton exchangeterm.
Differentformalismsexist for interpretingtheeffectsof LED through � [10, 11, 12].
Thesearelistedin Eq. (1).

� �
��� �� 1 � GRW ���

log � M2
S

M2 ����� n � 2��� 2
n 	 2 ��� n 
 2� � HLZ ���

2λ
π ��� 2

π � Hewett��� (1)

BothCDFandDØ experimentshavesearchedfor thelargeEDsignalin thevirtual gravi-
ton exchangemode.The DØ experiment’s most sensitive channelis “diEM" sample,
which is a combinationof dielectronanddiphotonchannelsto maximizedetectioneffi-
ciency [13]. Thebasicselectionrequirementsaretwo electromagnetic(EM) objectsin



TABLE 2. 95%C.L. lowerlimits onMS in TeV for LED with the200pb
� 1 DØ RunII

diEM sampleandthecombinedlimits for RunI andII.

GRW HLZ Hewett
n=2 n=3 n=4 n=5 n=6 n=7 λ=+1

RunII 1.36 1.56 1.61 1.36 1.23 1.14 1.08 1.22
RunI+II, combined 1.43 1.67 1.70 1.43 1.29 1.20 1.14 1.28

thecalorimeter(ET 
 25GeV)with trackisolation.OneEM objectis central( �η � � 1.1),
theothercanbecentralor in theend-capcalorimeter(1.5 �!�η �"� 2.4).Themainback-
groundcontributionsto theanalysisareSM Drell-Yananddiphotonproductionandone
or morejets misidentifiedasan EM object(instrumentalbackground).The systematic
uncertaintyfor the backgroundis 7–20%,dominatedby the statisticalandsystematic
uncertaintiesof theinstrumentalbackground.Thesignalsystematicuncertaintyis 12%,
which includeserrorson signalacceptanceandefficiency, choiceof partondistribution
functions(PDF) and the higherordercorrectionfactor, K f (=1.3). The uncertaintyis
dominatedby the10%erroron theK f . TheDØ diEM invariantmassspectrumfor the
candidateeventsin dataandits comparisonwith thepredictedbackgroundis shown in
Figure1.Similarcomparisonfor thediEM cosθ # distribution,whereθ # is thescattering
anglein thecenter-of-massframe,is alsoshown in thesamefigure.Thedataagreeswith
thebackgroundexpectation.

DØ employsasearchstrategy which involvesa 2-D fit to theinvariantmassand(un-
signed)cosθ # spectra.Usinga Bayesianlikelihoodfitting technique,95%Confidence
Level (C.L.) lower limits on the effective crosssectionparameter, ηG, areplacedand
translatedonto lower limits on MS. The resultsof the DØ searchesusingdiEM chan-
nel arelisted in Table2. A combinationwith theRunI [14] analysisresultgiveslower
boundson MS ashighas1.43TeV (GRW).

DØhasalsoresultsfrom thedielectronanddimuonchannels,wherebothchannelsuse
thesamelimit settingtechniqueasin thediEM channel.Thedielectronchannelselection
requirementsaresimilar to the diEM analysiswith the exceptionof a modificationto
allow for at leastoneEM clusterto havea matchingtrackandthetrackingisolationcut
is removedto increaseefficiency [15]. Thelowerlimit obtainedusingdielectronchannel
is 1.11TeV in theGRW formalism.The LED virtual effectsin the dimuonchannelis
searchedusing 100 pb	 1 data[16]. An upper limit of 0.88 TeV is placedon MS in
theGRW formalism.ThedileptonLED resultsfrom theDØ experimentis outlinedin
Table4.

The CDF experimenthasalso searchedfor a LED signal in the dielectronchan-
nel using 200 pb	 1 of data[17]. The requirementsin the analysisare two electrons
(ET 
 25GeV), isolatedin thecalorimeter, with at leastoneelectronmatchedto a track
andpresentin thecentralcalorimeter( �η �$� 1.0).Thesecondelectroncanalsobein the
plug calorimeter(1.0 �%�η �&� 3.0).Themainbackgroundsto CDF dielectronsignalare
from the Drell-Yan processand from misidentifiedelectronsin QCD multijet events.
OtherSM processeslikedibosonandtt̄ productionarealsotakeninto account,although
their contribution for thehigh masssearchregion is negligible. Thecomparisonof the
observed dielectroninvariantmassspectrumto the predictedbackgroundis shown in



TABLE 3. 95% C.L. lower limits on MS in TeV for LED
modelwith 200pb

� 1 CDFdielectronsample.

GRW HLZ Hewett
n=3 n=4 n=5 n=6 n=7 λ=-1 λ=+1

1.11 1.17 0.99 0.89 0.83 0.79 0.99 0.96

Figure2. Themainsourcesof systematicuncertaintiesarechoiceof PDF, energy scale
andresolutionfor theacceptanceandefficiency, luminosityandbackgroundshapeand
normalizationerrors.The overall signaluncertaintyis about8%. The backgrounddue
to misidentifiedjets is about50%. In the absenceof an excessin the observed data,
CDF proceedsto set limits on MS, usinga Bayesianbinnedlikelihoodmethodon the
dielectroninvariantmassspectrum.The95%C.L. limits on ηG , wheretheconvention
is ηG � λHewett

� M4
S, areusedto constrainthe string scale.Table3 summarizesCDF

dielectronlimit resultsfor MS.

Gauge Boson Exchange in TeV ' 1 ED

The crosssectionfor Drell-Yan pair productionincluding TeV	 1 ED effects from
thehigherorderKK-statesof theSM gaugebosonsareparametrizedin a form similar
to that of LED effective crosssection,where the parameteris ηC � π2/3MC

2 and
MC is the compactificationscaleof the TeV	 1 ED. DØ hassearchedfor TeV 	 1 ED
signaturesfor thecaseof asingleED,using200pb	 1 datain thedielectronchannel[15].
The analysisusesthe samedielectronsampleas the LED searchdescribedearlier.
Figure2 shows thedielectroncandidatesin theDØ dataandthepredictedbackground.
Also shown in this figure is the effect of the TeV 	 1 ED signal for ηC � 5.0 TeV 	 2.
Systematicuncertaintyon the signal is taken similar to the LED search,and is 12%.
A 10%systematicuncertaintyis estimatedfor backgroundprocesses,dominatedby the
uncertaintiesin theinstrumentalbackgroundcontribution.Limits onMC aresetusingthe
2-D fitting apparatusdevelopedfor LED search,via a replacementof ηG with ηC. The
lower limit on thecompactificationscaleis obtainedasMC 
 1.12TeV. Thecombined
indirectsearchlimit from LEPis MC 
 6.6TeV andthegloballimit is MC 
 6.8TeV at
95%C.L. [18].

RS Graviton Resonance Searches

The CDF experimenthassearchedfor a RS graviton signalof the first excitedstate
in both dilepton and diphotonchannels1. The dielectronsampleusedfor the search
is the sameasthe CDF LED search.The CDF searchfor RS graviton in the dimuon

1 As of writing this paper, DØ presentedresultson RS graviton searchesin the diEM channelusing
200pb

� 1 data[19].



TABLE 4. 95%C.L. lower limits
on MS in TeV for LED with DØ di-
electronanddimuonsample.

GRW

ee (200pb
� 1) 1.11

µµ (100pb
� 1) 0.88

channelis performedusing 200 pb	 1 data,similar to that of the dielectronchannel.
The muonpair selectionis basedon requiring two muonsisolatedin the calorimeter
(pT 
 20 GeV/c). Onemuonshouldbe centralin the CDF detector( �η �(� 1.0), the
othercanbepresentin the trackingregion, �η �)� 1.5.Thebackgroundsin thedimuon
channelaretheirreducibleDrell-Yan,misidentifiedjetsandcosmicrays.Variousother
SM processesarealsotakeninto accountascontributorsto thetotalbackground,asseen
in Figure3. The figure shows the comparisonof the observed datato the background
estimatesfor thedimuonmassspectrum.Theuncertaintyin thesignalis about8% and
thebackgrounduncertaintiesareestimatedto be5%(directdimuonfinal statesfrom SM
processes)and20–30%(fakesandcosmicrays).

CDF recentlyincreasedits sensitivity to RSgravitonswith theadditionof thedipho-
ton channel[20]. The resultpresentedutilizes also200 pb	 1 dataandthe photonpair
candidates(ET 
 15 GeV, Mγγ 
 30 GeV/c2) areconstrainedto becentral( �η �)� 1.0)
andisolated.Themainbackgroundcontributionsarefrom SM hard-scattereddiphoton
productionandfrom eventsin which oneor morejetscanbemisidentifiedasa photon.
The total uncertaintyfor the signal is about15% and is 20–25%for the background
dependingon thediphotonmass.Thedominantuncertaintyin this analysisis from the
dependenceof thejet backgroundontheselectionrequirements.Theobserveddiphoton
spectrumis comparedto thepredictionin Figure3.

TheCDFdilepton/diphotondatais in agreementwith theStandardModelpredictions.
Therefore,limits areplacedonaRSgraviton particleof thefirst excitedstate.TheCDF
dilepton limits areplacedby a Bayesianbinnedlikelihoodmethodusingthe dilepton
invariantmassspectrum.The diphotonlimits are placedvia a Bayesiantechniqueas
a function of RS graviton referencemassesand using a 3σ masswindow around
eachreferencemass.Table 5 summarizesthe CDF RS graviton searchresults.The
σ * BR limits areinterpretedaslimits on a spin-2resonanceparticle,which arefurther
usedto constrainthe RS graviton massasa function of k/MPl. The acceptancetimes
efficiency of thediphotonchannelisabouthalf of thatof theindividualdileptonchannels
(the total dielectronefficiency to detecta 600 GeV/c2 RS graviton is about 45%).
Therefore,theσ * BR limits from thediphotonchannelis not assensitive for thesame
luminosity[20]. Thestringentconstraintsto theRSgraviton parameterspaceis from the
diphotonchannelto whichthegraviton hastwicetheBR ascomparedwith its individual
dileptondecays.
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FIGURE 1. DØ diEM massandcosθ / spectrafor the candidatesin data(pointswith error bars),for
the misidentifiedjet background(filled histogram)andfor the total expectedbackgroundincluding the
SM predictions(solid line). In themassspectrumplot, the dashedline representstheeffect of the LED
signalfor ηG = 0.6TeV

� 4.

GRAVITON EMISSION SEARCHES

DØ hasanalyzed85 pb	 1 of RunII datato searchfor evidenceof asignalof LED with
graviton emissionsignaturein jet(s)+ E� T channel[21]. TheanalysisrequiresE� T 
 150
GeV, a high pT leadingjet in thecentralregion (pT 
 150GeV/c),no secondjet with
pT 
 50 GeV/c, no high pT leptonsin the event, andan angularseparationbetween
the leadingjet andE� T (∆Φ). ThemainSM backgroundscomefrom Z+jetsproduction
(throughinvisibledecaysof Z) andasmallercontribution from W+jetsproduction.The
dominatingbackgroundat low E� T is misidentifiedQCD events.Figure5 shows the
total E� T distribution before the secondjet and ∆Φ requirementsare applied in the
analysisdata.The expectednumberof events is 100 � 6 (stat.) � 8 (theory). The
currentresult is limited by the large Monte Carlo simulationanddatajet energy scale
uncertainties,which yields uncertaintiesof 20% for the signalefficiency and+50%,-
30%for thebackgroundprediction.Total signalefficiency is 5% and63 eventsin data
are observed. In the absenceof excessin datawith respectto the expectationsfrom
backgroundprocesses,lower limits onMD areplacedusingtheLEPCLsapproach[22].
The correspondingupper limits on the numberof signal events is 84 event for an
expectedlimit of 111.4(median)or 123.8� 28 events(average)from ensembletests.
Figure6 showsthelower limits onMD asa functionof nD, togetherwith thelimits from
RunI CDF[23] (K f = 1.0)andRunI DØ [24] andthecurrentmoststringentlimits from
LEP[25]. Oncetheuncertaintiessettled,theanalysiswill bemorecompetitive.
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FIGURE 2. The CDF (left) andDØ (right) dielectroninvariantmassspectra.The CDF data(points)
are comparedwith the total backgroundpredictions(solid line) from Drell-Yan (unfilled histogram),
multijet QCD background(dark) andvariousSM processesas listed (light). The DØ data(points)are
comparedwith the total predictedbackground(solid line) as the sum of the instrumentalbackground
(filled histogram)andtheDrell-Yanbackground.Theplot on the right alsorepresentsTeV

� 1 ED signal
contribution for ηC : 5.0TeV

� 2 addedto thepredictedbackground(dashedline).
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FIGURE 3. ObservedCDF dimuon(left) anddiphoton(right) massspectracomparedto thepredicted
backgroundsaslisted in thetext. Thediphotonspectrumhasthreeeventsabove Mγγ : 200GeV/c2; the
highestonebeingat 405GeV/c2.

SUMMARY AND CONCLUSION

With theTevatronandits detectorsperformingverywell, theCDFandDØ experiments
have analyzedlarge samplesof pp̄ data taken since spring 2002. The experiments
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TABLE 5. 95%C.L. upperlimits onσ X BR ^ G_a`cbd`fe , γγ g
and lower limits on MG with 200 pbe 1 CDF dileptonand
diphotonsamplefor k/MPl = 0.1.

ee µµ γγ
σ X BR (pb) (MG h 600GeV/c2) i 50 i 50 i 100
MG (GeV/c2) 620 605 675
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areactively engagedin extra dimensionsearchesin dielectron,diphotonanddimuon
channelsaswell asjets+ Eq T channel.No evidenceof higherdimensionalmodelshave
beenfoundyet.Preliminary95%C.L. limits havebeenplacedontheparameterspaceof
suchmodels.CurrentLED limits of theTevatronexperimentsexceedpublishedlimits
of previous direct searches.The collaborationsalso pioneerthe searchstrategies and
explorationof somemodels.Additional extra dimensionsignaturesarebeingexplored,
suchasγ r Eq T. The sensitivity to ED searcheswill increasewith moreRun II data.
Neartheendof thedecade,experimentsatLHC will exploreextradimensionmodelsup
to multi-TeV scales[26]. In caseof no discovery, parameterspacesfor ED modelswill
begreatlyrestrainedandsomemodelswill possiblybecompletelyruledout.
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